The problem of dissociative ionization at intermediate intensities (10 10 10 12 W cm 22 ) was studied using the example of I 2 and the technique of velocity map imaging. Several new phenomena were observed, including a continuous distribution of recoil energies peaked at zero-kinetic energy, a set of constant dissociative ionic states, and strong anisotropy of the fragment velocity distribution that is diminished by intermediate resonances. DOI: 10.1103/PhysRevLett.86.2245 Dissociative ionization (DI) is inherently interesting because it is a multibody, two-continuum process that involves both electronic and nuclear motion [1] . DI can result from collisions of molecules with either particles or photons. In the latter case, the detailed mechanism is very sensitive to the intensity and frequency of the electromagnetic field. In strong fields ($10 14 W cm 22 ), electrons are successively removed by multiple photons until the internuclear potential becomes essentially Coulombic, at which point a Coulomb explosion is ignited. Anisotropy of the angular distribution of the recoiling fragments results from the fact that the mechanism of enhanced ionization [2] depends on the angle between the symmetry axis of the neutral molecule and the polarization vector of the field. The behavior of the molecule in this limit is dominated by the properties of the field. In weak fields, a single photon is absorbed, and the superexcited molecule may decay by direct ionization, dissociation from two neutral fragments, or DI to a neutral fragment, an ion, and an electron. The anisotropy of the fragment momentum depends in this limit on the direction of the transition dipole moment of the molecule.
Dissociative ionization (DI) is inherently interesting because it is a multibody, two-continuum process that involves both electronic and nuclear motion [1] . DI can result from collisions of molecules with either particles or photons. In the latter case, the detailed mechanism is very sensitive to the intensity and frequency of the electromagnetic field. In strong fields ($10 14 W cm 22 ), electrons are successively removed by multiple photons until the internuclear potential becomes essentially Coulombic, at which point a Coulomb explosion is ignited. Anisotropy of the angular distribution of the recoiling fragments results from the fact that the mechanism of enhanced ionization [2] depends on the angle between the symmetry axis of the neutral molecule and the polarization vector of the field. The behavior of the molecule in this limit is dominated by the properties of the field. In weak fields, a single photon is absorbed, and the superexcited molecule may decay by direct ionization, dissociation from two neutral fragments, or DI to a neutral fragment, an ion, and an electron. The anisotropy of the fragment momentum depends in this limit on the direction of the transition dipole moment of the molecule.
The present work studies the physics of DI in the previously unexplored intermediate intensity regime (10   10   10 12 W͞cm 2 ), where the field and molecular Hamiltonians play equally important roles and the dynamics is inevitably richer. We find that absorption of additional photons above the threshold for dissociation leads to several new phenomena, including almost exclusively three-body fragmentation and the production of slow atoms with a highly anisotropic angular distribution.
We have used the method of velocity map imaging [3] (VMI, also known as "recoil ion momentum spectroscopy" [4] ) in order to obtain both the speed and angular distribution of the fragments in a single measurement. A Nd:YAG pumped visible laser irradiated a pulsed molecular beam of target molecules seeded in 1 atm of He gas. Typical laser conditions were 30 mJ͞pulse, 10 ns duration, 10 Hz repetition rate, focused with a 20 cm focal length lens to a spot size of approximately 50 mm. Product ions, produced either by DI or by postionization of fragment atoms, were focused by an electrostatic lens onto a microchannel plate (MCP) detector located 0.71 m away. The bias on the front plate of the MCP was gated to coincide with the arrival time of an ion with a selected mass͞charge ratio. Electrons emitted by the MCP produced an image on a phosphor screen. The image produced by each laser shot was captured by a frame grabber connected to a CCD camera and transferred to a computer. Typically, 20 000 laser shots were averaged to produce a single two-dimensional (2D) map of the transverse recoil velocity of the gated ions. The equivalent of an inverse Abel transform generated a slice of the full three-dimensional velocity distribution of the photofragment.
We have used the VMI technique to study the DI of several iodine containing molecules in various wavelength regions. The emphasis of the present paper is on the simplest of these molecules, I 2 , in the region between 556 and 575 nm. Several representative 2D images of I 1 are shown in Fig. 1 . The image in Fig. 1(a) was produced at 532 nm. The single ring corresponds to the perpendicular 1u 1 P √ X 1 S 1 g transition of I 2 , producing two ground state I͑ 2 P 3͞2 ͒ atoms. (These atoms are ionized by absorbing six photons from the same laser pulse.) The known kinetic energy release was used to calibrate all the other images reported in this paper. Very different results were obtained at longer wavelengths. 
we obtain b 2 $ 2 for the high energy ring of all the images and for all three rings at the intermediate wavelengths.
In addition, we obtain nonzero values for b 4 for nearly all of the rings. These anisotropy parameters are clear evidence of multiphoton absorption [5] . Figure 2 shows the kinetic energy distributions, p͑E t ͒, for all of the images taken in this wavelength region. It is notable that, with the exception of the images taken at 564.36 and 566.00 nm, the peak positions, E peak , are independent of photon energy. The vertical lines at E t 0.31, 0.49, and 0.99 eV are drawn to guide the eye and stress common peak positions, which suggest the involvement of the same transitions at different wavelengths. Also evident is a peak at zero kinetic energy at all of the wavelengths.
(The scatter at the origin is caused by a singularity in the inversion procedure along the cylindrical axis of symmetry.) The wavelength dependences of E peak and b 2 for the three outer rings are plotted in Fig. 3 There is compelling evidence that the rings and central peak are caused by multiphoton DI. An attempt was made to assign the rings to direct transitions to repulsive neutral or ionic states, using the thermodynamic relation,
where E t is the laboratory kinetic energy of I 1 , 2 # n # 8 is the number of photons absorbed, D is the dissociation energy of I 2 measured with respect to the zero-point energy of the neutral molecule, and E 1 and E 2 are the asymptotic energies of the neutral and ionic fragments measured with respect to the ground neutral fragments. Included among the possible product assignments were the spin-orbit states of I͑ 2 P J ͒ and I 1 ͑ 3 P J ͒, all Rydberg series of I, and ion pairs (I 1 , I 2 ). Although most of the rings could be assigned to a set of products chosen from this list, the resulting mechanism attributed to each peak varies erratically with wavelength, whereas it is obvious from the similarities of the distributions in Fig. 2 that the same transitions are involved throughout. The only plausible explanation of the insensitivity of the kinetic energy distribution to the photon energy is that an electron carries off some of the available kinetic energy, which increases with photon energy. Six or more photons directly ionize I 2 , with the electron carrying off sufficient energy to leave the parent ion on one of three repulsive potential energy curves [6] . [See Fig. 4(a) .] To the best of our knowledge, this is the first time that a constant ionic state mechanism was observed for a repulsive state. This behavior differs from that found for H 2 in a weak field, where the peak energies of the proton increase linearly with photon energy [7] . Further, in contrast to the weak field case [8] , we observe no contribution from direct ionization of the parent molecule or from the dissociation from two neutral atoms. In order to understand the dip in E peak [see especially Fig. 2(g) ] and the maxima in b 2 , we measured the total ion current as a function of wavelength. The action spectrum revealed structure that is indicative of resonances present at intermediate energies. Two of these resonance structures are located between 556-561 and 571-575 nm. We tentatively attribute these features to bound Rydberg states reached with four or more photons. Because the ionic core is more tightly bound than neutral I 2 , the effect of these Rydberg states is to shift the Franck-Condon window for the absorption of additional photons to shorter internuclear distances. As suggested by the schematic drawing in Fig. 4(b) , the effect of the resonance is to produce a nonvertical transition to a higher point on the dissociative ionic potential energy curve, thereby converting a larger fraction of the available energy into nuclear kinetic energy. FIG. 4 . Schematic drawings illustrating the mechanisms for the constant ionic states (a) without and (b) with an intermediate resonance and for (c) the zero-kinetic energy feature. To save space, the ground electronic state is depicted only in panel (c). In panels (a) and (b) seven photons directly ionize the molecule, and the electron carries off sufficient kinetic energy to leave the ion on one of three repulsive curves (only one of which is shown). If the multiphoton energy happens to match the energy of an intermediate Rydberg state [panel (b) ], the remaining photons are absorbed at a smaller internuclear distance, resulting in a larger recoil energy. In the bottom panel, six photons reach a superexcited Rydberg state which autoionizes to a weakly bound ionic state. Competition between dissociation from and autoionization of the Rydberg state produces a continuous distribution of recoil energies peaked at zero. In all panels, solid curves depict neutral states and dashed curves depict ionic states. The horizontal line at 96 735 cm 21 indicates the DI threshold for producing ground state I 1 I
1 . All but the ground state potential energy curve are schematic.
The smaller values of b 2 near resonance are expected; for rapid, direct dissociation the fragment angular distribution mirrors the anisotropy of the excitation process, whereas for slow, indirect fragmentation much of the memory of the excitation dynamics is lost by the time the fragments reach the asymptotic region, producing a much more isotropic distribution [9] .
The most intriguing aspect of the images is the central, zero-kinetic energy feature. Care was taken to rule out experimental effects such as clusters, "leakage" of parent ions through the time-of-flight gate, ionization and dissociative ionization of HI molecules, the production of I 21 2 , and collisions within the molecular beam. The only plausible explanation of a continuous kinetic energy distribution for a diatomic molecule peaked at zero is a three-body process, with most of the available energy removed by the departing electron. The mechanism that we propose is similar to the one invoked to explain the zero-kinetic energy peak p͑E t ͒ for H 2 [10] . We postulate a six-photon excitation of a doubly excited neutral Rydberg state lying above the ionization threshold, analogous to the Q 1 and Q 2 states of H 2 [8] . Competition between dissociation from the neutral Rydberg state and autoionization to a dissociative ionic state produces a continuous distribution of ion kinetic energies [11] . If the ionic curve is flat or weakly bound in the Franck-Condon region [as sketched in Fig. 4(c) ], most or all of the kinetic energy release comes from repulsion on the upper, neutral curve. Because the I atom starts out at rest (apart from its zero-point motion), p͑E t ͒ is peaked at or near zero. Photoelectron images produced from C 6 H 5 I [12] and NO 2 [13] are consistent with this mechanism.
The two new features observed here, the constant ionic rings and the zero-kinetic energy peak, and their insensitivity to the excitation energy, show that the molecule decays almost exclusively by a three-body process. This behavior is in stark contrast with the two-body decay mechanisms, fluorescence and neutral dissociation, observed for I 2 [14] and HI [15] in the weak field limit. A plausible mechanism is that multiphoton, above-threshold absorption allows for facile excitation of more than one electron, which is required for population of a doubly excited state. This mechanism is not limited to I 2 , although the likelihood of its manifestation is enhanced by the large number of repulsive continuum states that result from the open shell structure of the halogen atom. Our observation of zero-kinetic-energy photofragments of methyl iodide and iodobenzene [12] suggests that above-threshold three-body processes are a more general phenomenon. Although the complexity of the organic parts of these molecules could lead to other modes of decay, our analysis indicates that the zero-kinetic energy peaks are due at least in part to DI.
An interesting observation is the translational energy dependence of the anisotropy of the angular distribution near the center of the image. The isotropic central spike is plausibly produced by molecules that ionize promptly and hence dissociate slowly on a weakly bound ionic potenial energy surface, as depicted in Fig. 4(c) . The molecules that undergo slow autoionization recoil more rapidly on the neutral surface and therefore retain some memory of their initial alignment, producing a b 2 that increases monotonically with E t . An intriguing alternative possibility, which we are currently investigating, is that the laser field dynamically aligns the neutral molecule [16] before it fully dissociates. The slowness of the dissociation, along with the large, positive parallel polarizability of the Rydberg state [17] , which is sensitive to the internuclear distance, suggest that alignment of the neutral molecule may be possible.
In summary, we have found that the photodissociation of iodine in the intermediate intensity regime is dominated by three-body processes. We have observed several new phenomena, including direct ionization to repulsive states with constant recoil energy (independent of photon energy), the production of slow atoms with an electron carrying away most of the kinetic energy, and a highly anisotropic angular distribution that is modified by the presence of intermediate energy resonances.
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